We studied breccia beds in lacustrine sediments within the active Dead Sea basin. The beds were deformed by M M Ͼ5.5 earthquakes during the past 60 k.y. Our new analysis considers both the thickness of breccia beds and the lithology of beds directly overlying them in order to identify 11 M M Ͼ7 earthquakes that originated within the Dead Sea pullapart between 54 and 16 ka. The resulting time series is a unique long record of earthquakes in a well-constrained segment of a fault system in which the time interval between consecutive earthquakes increased from hundreds of years to a background recurrence interval of ϳ11 k.y. since ca. 40 ka. Since this recurrence interval is similar to the M M Ն7.2 recurrence interval in the Dead Sea basin, as extrapolated from present seismicity, we suggest that the present seismic regime in the Dead Sea basin, as reflected in its magnitudefrequency relation as well as in its deficiency in seismic moment, has been stationary for the past ϳ40 k.y. Since the increasing interval between consecutive earthquakes in the studied segment of the Dead Sea fault is time-logarithmic, it may be a result of healing of the brittle crust as well as a diminishing strain rate following the first strong earthquake in the sequence.
INTRODUCTION
We studied a paleoseismic record within the active Dead Sea pull-apart (Garfunkel, 1981) . The record was extracted from the 70-14 ka lacustrine sediments of the Lisan Formation, in which ϳ30 breccia beds were interpreted as having been induced by M Ͼ5.5 earthquakes (Marco and Agnon, 1995; Marco, 1996; Marco et al., 1996) . This interpretation was further substantiated when ages of similar brecciated beds in the Dead Sea deposits were found to match historical earthquakes (KenTor et al., 2001; Migowski et al., 2004) . However, no distinction was previously made between moderate and strong earthquakes in the Lisan record, and their epicentral distance was not well constrained. This study is an attempt to identify the stronger earthquakes in the Lisan paleoseismic record and to constrain the location of their source.
SETTING
We reexamined two 40-m-thick sections of the Lisan Formation, PZ1 (coordinates 18450/ 05599, Israel old grid) and PZ2 (coordinates 18500/05800) (Marco, 1996; Marco et al., 1996) , which are 2 km apart (Fig. 1) . The PZ1 section is well dated by 22 U-Th age determinations (Schramm et al., 2000; HaaseSchramm et al., 2004) , which allows a good estimate (Ϯ0.8 k.y.) for the ages of its breccia beds for the period 60-14 ka, with the excep-*Corresponding author e-mail: beginbz@mail. gsi.gov.il. tion of a sedimentation hiatus at 49-44 ka during a stage of low lake level (Fig. 2) . The two sections are composed mainly of alternating laminae of authigenic aragonite and detrital silt-clay (ϳ55% of the beds), which represent the normal annual deposition in paleolake Lisan. The rest of the sections comprise detrital beds, mainly of sand size (36% and 19% in PZ2 and PZ1, respectively) , plus alternating laminae of authigenic gypsum and sand-size detritus (4% and 25% in PZ2 and PZ1, respectively) and authigenic massive gypsum (3% of the beds). The higher percentage of detritus in PZ2 reflects its deposition in closer proximity to an alluvial fan (Machlus et al., 2000) . For each breccia bed in the two sections, we recorded the lithology of beds below and above it. (See GSA Data Repository Tables DRA-DRC. 1 )
RESULTS
We found that in both the PZ1 and PZ2 sections the distribution of the lithology of beds below and above the brecciated beds is not symmetrical (Tables DRB, DRC; see footnote  1 ). In the PZ2 section there is a highly significant preference for brecciated beds overlain by detritus (BD), whereas in the PZ1 sec-1 GSA Data Repository item 2005045, Tables DRA-DRC, detailed data for the PZ1 and PZ2 brecciated beds, and Figure DRD, tion there is a weak preference for brecciated beds overlain by laminated gypsum and detritus (BGD) or by detritus. The importance of BGD and BD couplets is further emphasized by another independent observation that brecciated beds in these couplets are significantly thicker than brecciated beds that are overlain by aragonite laminae. The thicker the bed, the higher the probability that it is overlain by laminated gypsum and detritus or by detritus ( Fig. 3; Fig. DRD [see footnote 1] ).
We propose that the common factor explaining these two independent associations is strong earthquakes. On one hand, accepting that the brecciated beds in the Lisan Formation were formed by earthquake-induced fluidization or liquefaction (Marco and Agnon, 1995; Marco, 1996; Marco et al., 1996; KenTor et al., 2001; Migowski et al., 2004) , we assume that thicker brecciated beds indicate higher earthquake intensity. This is reasonable in light of the correlation between the liquefaction severity index and earthquake magnitude (Youd and Perkins, 1987) , and because stronger earthquakes that last longer may cause more stress cycles at a site (Seed and Idriss, 1982) , which in turn may bring about higher pore pressure within the sediment. On the other hand, the formation of gypsum (CaSO 4 ·2H 2 O) in paleolake Lisan was attributed to mixing of its sulfate-rich upper water layer and the calcium-rich lower water layer (Stein et al., 1997) . It was previously suggested that such mixing took place due to climatic change toward dryness (Stein et al., 1997) , but we propose an additional cause for the mixing of the Lake Lisan water column: high waves (tsunamis and seiches) following strong earthquakes. We assume that some of the strong earthquakes that brought about the formation of brecciated beds were also associated with faulting that generated high seiches, forming gypsum that was deposited directly above the brecciated beds. Hence, whereas some gypsum beds in the Lisan Formation were formed with no association to earthquakes, BGD couplets in the Lisan Formation may be considered to be seismites representing strong earthquakes. This model is supported by the observations regarding detritus beds overlying brecciated beds in the PZ2 section, since the formation of detrital beds above tsunamites, resulting from tsuna- mis running up and down beaches, is well known (Scheffers and Kelletat, 2003) .
Could tsunamis and seiches have been formed in Lake Lisan by faulting? The generation of 10 m tsunami waves from faulting was numerically simulated for 35 ϫ 19 km, 500-m-deep Lake Tahoe (California-Nevada, United States) (Ichinose et al., 2000) . Tsunami occurrence in the 50 ϫ 15 km, 300-m-deep Dead Sea is reported for several historic earthquakes (Amiran et al., 1994 ) that probably originated on faults within the Dead Sea pullapart (Ken-Tor et al., 2001; Niemi and BenAvraham, 1994; Shapira et al., 1993; Reches and Hoexter, 1981; Marco et al., 2003) .
Simulations of a tsunami for Lake Lisan at a water level of Ϫ280 m (maximum depth of 450 m; Fig. 1B ) that prevailed during most of Lake Lisan history (Bartov et al., 2003) were carried out with M w 7.3 earthquakes associated with left-lateral strike-slip faults having a rake of Ϫ30Њ and a peak dip-slip component of 2.7 m. This is in accord with fault-plane solutions for earthquakes along the Dead Sea transform, reflecting the transtensional nature of its basins (Salamon et al., 2003; Shamir et al., 2003; Lubberts and Ben-Avraham, 2002) . The simulations resulted in waves as high as 6-8 m, lasting for ϳ2 h. A decrease of M w to 6.9 and 6.6, and the peak dip-slip component to 1.5 m and 1.1 m, respectively, resulted in maximum wave heights of 3-5 m and 2-3 m, respectively (Ichinose and Begin, 2004) . (Fig. 4) ; darker shaded rectangle is for period 28-5.1 ka. These recurrence intervals are shown here to characterize earthquake magnitudes of 7.1-7.4. Digital simulations showed that earthquakes in Dead Sea basin within this range of magnitudes were capable of generating BGD couplets. We conclude from these observations that present seismic regime in Dead Sea basin has been stationary for past 40 k.y.
These results were obtained for a fault whose main slip reached the surface within the deep basin of the lake, which is also the present deep basin of the Dead Sea (Fig. 1) . On the other hand, for a fault of similar characteristics whose main dip slip is located in the northern, shallower basin of Lake Lisan, the tsunami simulation resulted in a maximum wave height of only 2 m (Ichinose and Begin, 2004) .
DISCUSSION
In following these results, we assume that (1) earthquakes with magnitudes of M Ͼ7 were capable of generating high seiches in Lake Lisan, which could have caused mixing of the water column, formation of gypsum, and deposition of gypsum above brecciated beds, thus forming BGD couplets; and (2) the occurrence of a Lisan BGD couplet constrains the location of the activated fault that caused the earthquakes to the area near the deep basin of Lake Lisan, Ͻ100 km north of the PZ sections (Fig. 1) .
Building on these special circumstances, we examine the time series of the 11 BGD couplets in the PZ1 section, assuming that they represent M Ͼ7 earthquakes in the Dead Sea basin. For each BGD couplet we estimated the age of the top of the brecciated beds, according to their height above the bottom of the PZ1 section (Haase- Schramm et al., 2004 ; Table DRA [see footnote 1]). With these ages, we calculated for each BGD couplet the time that elapsed since the occurrence of the previous one (Fig. 4) , and it can be seen that, following the cluster of strong earthquakes at 53.5-49 ka, there is an increase in the interval between strong earthquakes.
An independent proxy of strong earthquakes in the Dead Sea rift, inferred from damaged deposits at the Soreq Cave, 40 km west of the Dead Sea (Fig. 1) (Kagan et al., 2005) , conforms to the logarithmic fit of the BGD couplets (Figs. 2 and 4) . Its extrapolation to the Holocene is also supported by a 1.6 m vertical slip on the western border fault of the Dead Sea, dated as 4.6 Ϯ 0.9 ka (Gluck, 2002) . Summarizing, since ca. 40 ka, the recurrence interval of strong earthquakes in the Dead Sea basin has been 7.5-12 k.y. (Fig. 4) .
We now compare this paleoseismic record with the present seismicity in the Dead Sea area. Its magnitude-frequency relationship for M L Յ6.2 earthquakes, augmented by a historic record that is assumed to be complete for M Ն 6 since A.D. 1000, was described as:
max min where N is the annual frequency of earthquakes of magnitude M or greater; M min (the minimum magnitude considered) ϭ 4; M max (the maximum probable magnitude) ϭ 7.5; ␣ ϭ 0.289; and ␤ ϭ 2.21 (Shapira and Hofstetter, 2002) . Extrapolation of this formula to M Ͼ6.5 (Fig. 5) shows that at present a recurrence interval of 7.5-12 k.y., as deduced from the record of BGD couplets for strong earthquakes in the period 39-5.1 ka, conforms to earthquakes with magnitude 7.2-7.3 (assuming M max ϭ 7.5). After testing the sensitivity of this result to different values of the maximum probable magnitude (7.4 Ͻ M max Ͻ 7.7) in the Dead Sea basin, such a recurrence interval conforms to earthquakes with magnitude 7.1-7.4 (Fig. 5 ). These estimates of earthquake magnitude are similar to the magnitude that was shown previously to be capable of generating high seiches in Lake Lisan and that probably caused mixing of the lake water column and the formation of BGD couplets in the Lisan Formation. This similarity in magnitudes suggests that the present seismic regime in the Dead Sea area has been stationary since ca. 40 ka. The meagerness of strong earthquakes in this record indicates a deficiency in seismic moment relative to the Ͼ5 mm/yr slip rate based on the geological evidence and to the 3.3 Ϯ 0.4 mm/yr based on global positioning system measurements (Wdowinski et al., 2004) . Since such moment deficiency characterizes the Dead Sea Fault in the past 100 yr of measured seismicity (Salamon et al., 2003) , as well as in the k.y. record of its historic seismicity (Ben Menahem, 1981; Garfunkel et al., 1981) , the seismic regimes at present and for the past 40 k.y. are also similar in this respect.
The antiquity of a present seismic regime has not been discussed in previous studies, probably because of lack of an adequate data set. The series of BGD couplets, as extracted from Lake Lisan seismites and partially supported by cave seismites, provides a unique example of a well dated, long, and 85% complete prehistoric seismic record. The 40 k.y. stability of the seismic regime indicates the time constant for the model of earthquake mode switching (Ben-Zion et al., 1999; Lyakhovsky et al., 2001) , which predicts a gradual passage from a clustering of strong earthquakes to a quiet period.
Since the deduced strong earthquakes are spatially well constrained, this series may afford an opportunity to examine long-term fault relaxation. The time-logarithmic fit implies healing of the fault system, as it is similar to both the logarithmic increase of the static friction coefficient as derived in the laboratory (Marone, 1998) and the logarithmic decrease with time of damage along a fault (healing) as derived from damage theory (Lyakhovsky et al., 2001) . If so, a source for such change may be a diminishing strain rate after the first strong earthquake in the sequence, as can be expected from viscoelastic relaxation below the brittle upper crust, because the strain rate in the lower crust (and loading rate in the upper crust) would decrease with time after the largest event. Hence, the time interval it takes to accumulate a certain fixed value of slip deficit would gradually increase (Ben-Zion et al., 1993) .
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